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We show that small structures can be defined in high mobility two-dimensional electron gases formed at a depth of 2770 Å below the surface in GaAs/Al 0.33 Ga 0.67 As heterostructures. The differential conductance of one-dimensional constrictions defined by split gates in such deep electron gases showed more than 20 quantised plateaus. The absence of resonant structures on the plateaus demonstrates the absence of potential fluctuations in the constrictions. By applying a dc source-drain bias we have measured the energy spacings of the first 18 subbands, and the effect of a small perpendicular magnetic field on the energy spacings has been investigated. © 1995 American Institute of Physics.
Historically, investigations of one-dimensional ͑1D͒ ballistic transport have been carried out in samples where the two-dimensional electron gas ͑2DEG͒ is typically 500-800 Å below the semiconductor surface.
1- 3 The proximity of such shallow 2DEGs to the lithographic features in the gate metal makes it easy to define small features in the 2DEGs. Higher mobility 2DEGs have been achieved in modulationdoped GaAs/Al x Ga 1Ϫx As heterostructures by using thicker spacer layers and thicker donor layers. 4 It becomes increasingly difficult to project small lithographic features onto such deep 2DEGs using surface gates. It is possible to define small structures within the plane of the 2DEG using focussed ion beams; 5 however, the ion beam damage adversely affects the electron mobility in the channel. There is much theoretical interest in Luttinger liquid states ͑see, for example, Ref.
6͒ which are expected to be observed in narrow constrictions with low disorder. Constrictions have been defined using split gates in high mobility deep 2DEGs to study quasiclassical behaviour of ballistic electrons in focussing experiments 7 and extreme quantum behaviour in high magnetic fields. 8 To our knowledge, constrictions defined in deep 2DEGs have not shown good one-dimensional conductance quantisation in zero magnetic field.
It is the purpose of this letter to show that split gates can be successfully used to create very clean 1D constrictions in deep 2D electron gases. We have defined split gates of varying widths in different high mobility 2DEGs situated at a depth of 2770 Å below the surface, and in all cases we have observed clear 1D quantised conductance plateaus.
The samples used in this study were made from two modulation-doped GaAs/Al 0.33 Ga 0.67 As heterostructures, T119 and T166, grown by molecular beam epitaxy. Both wafers have the same structure above the plane of the 2DEG: 600 Å undoped Al 0.33 Ga 0.67 As spacer layer, 2000 Å Si-doped ͑1.2ϫ10 17 cm Ϫ3 ) Al 0.33 Ga 0.67 As layer, and 170 Å undoped GaAs cap layer. Split gates of widths 0.75 m and 0.50 m and length 0.4 m were defined on a Hall bar using electron beam lithography. Ohmic contacts were made by thermal evaporation of Au/Ge/Ni alloys. After 20 s of illumination with a red light-emitting diode positioned 1 cm away from the sample, the saturated values of the low temperature mobility and carrier concentration of sample T119 were 3ϫ10 6 cm 2 /V s and 1.9ϫ10 11 cm Ϫ2 , while those of sample T166 were 1.5ϫ10 6 cm 2 /V s and 1.9ϫ10 11 cm Ϫ2 . Prior to illumination the mobility and carrier concentration in both samples were found to be less by 35% and 50%, respectively. Although both heterostructures have the same growth sequence, the electron mobility is higher in T119, as it was grown towards the end of a growth run. Two-terminal ac conductance measurements of the illuminated samples were carried out at the base temperature ͑less than 100 mK͒ of a dilution refrigerator using an excitation voltage of 10 V at a frequency of 85 Hz.
Curves ͑a͒ and ͑b͒ in Fig. 1 show the differential conductance G(V g )ϭdI/dV sd of two 1D constrictions, defined by split gates of lithographic width 0.75 m and length 0.4 m in samples T166 and T119, respectively. Curve ͑a͒ shows 25 conductance plateaus and curve ͑b͒ shows 21 conductance plateaus quantised in units of 2e 2 /h, after subtracting a series resistance R s which ensures that the lower plateaus align with the exact quantised values 2ne 2 /h, where n is the 1D subband index. 9 Upon application of a negative voltage V g ϭϪ0.6 V to the split gate, electrons are depleted from beneath the gates and a channel is defined; the conductance ͑see Fig. 1 inset͒ drops dramatically at this definition voltage. As V g is made more negative, the constriction is narrowed and the carrier density is reduced, and G decreases in units of 2e 2 /h as the 1D subbands in the constriction are depopulated.
1,2 The degree of flatness of the conductance plateaus and the absence of resonant structures on the plateaus are indications of the quality of the sample and the adiabaticity of the constriction. 9 The deviation from exact quantisation for the higher subband indices suggests that the series resistance varies as a function of V g , as observed in previous studies. 10 The Fermi wavelength in both samples is F ϭ570 Å, and the maximum constriction width estimated by counting the number of transverse modes in samples T166 and T119 will be 0.72 m and 0.6 m respectively; only a little less than the lithographic width ͑0.75 m͒ of the split gates. If the depletion length at definition of the constriction is assumed to be equal to the depth of the 2DEG 11 ͑2770 Å͒, the a͒ Electronic mail: kjt1003@cus.cam.ac.uk constriction width would be only 0.2 m in both devices. This naive assumption predicts that it would not be possible to form a channel using a 0.5 m wide split gate. In fact we have measured 6 conductance plateaus in such a device, indicating that a detailed study of the electrostatics of constrictions formed in a deep 2DEG is required. The application of a dc source-drain bias V sd causes additional structures called half-plateaus, midway between the original plateaus, to be observed in the differential conductance. 12, 13 In sample T166, we have observed up to 18 half-plateaus in the differential conductance G(V g ), as V sd was incremented to both positive and negative voltages in steps of 0.04 mV. The applied voltage sets an energy scale eV sd against which the 1D subband energy spacings in the constriction can be measured.
13,14 Figure 2 shows transconductance traces dG/dV g obtained by numerical differentiation of the differential conductance traces G(V g ), measured for various fixed positive source-drain voltages V sd , in sample T166. The bottom trace corresponds to V sd ϭ0 mV and successive traces, vertically offset for clarity, show traces where V sd has been incremented in steps of 0.08 mV. A zero in dG/dV g corresponds to a conductance plateau, and a peak in dG/dV g corresponds to the step region between the plateaus. For clarity transconductance traces are shown only for a selected region of gate voltage. The zero transconductance region between V g ϭϪ2.8 V and Ϫ2.7 V and between V g ϭϪ2.63 V and Ϫ2.52 V in the bottom trace correspond to the nϭ4 and nϭ5 conductance plateaus respectively. The transconductance peaks at V sd ϭ0 are labelled Nos. 4, 5 and 6 as shown in Fig. 2 . As V sd increases, the nth transconductance peak splits into two peaks; a right-moving peak labelled n ϩ , and a left-moving peak labelled n Ϫ . When the 4 ϩ peak intersects the 5 Ϫ peak at V g ϭϪ2.75 V and V sd ϭ2.15 mV, the half-plateau between nϭ4 and nϭ5 plateaus is completely formed and eV sd is equal to the energy spacing between nϭ4 and nϭ5 subbands ⌬E 4,5 at that gate voltage. A fraction of the applied voltage is also dropped across the series resistance. Therefore the subband energy spacing is obtained after subtracting the voltage dropped across this series resistance ͑in this case R s ϭ430 ⍀͒. R s is assumed to be constant for all subbands and is the resistance at V g ϭ0 and V sd ϭ0. The measured subband spacings are gate voltage-dependent, i.e., measured at a particular strength of electrostatic confinement. Figure 3͑a͒ is a grey-scale plot of transconductance traces in the gate voltage region of 18 conductance plateaus in zero magnetic field, part of which was shown in Fig. 2 . The dark regions correspond to low transconductance ͑pla-teaus͒ and light regions correspond to high transconductance ͑step regions between plateaus͒. The light straight lines indicate that the disappearance of the integer plateaus and the formation of the half-plateaus always follow a linear dependence with source-drain voltage, demonstrating the validity of Glazman and Khaetskii model 15 over a wide range of subband indices. The subband energy spacings obtained from the value of eV sd at the first intersections of these light straight lines are listed in Table I .
Similar half-plateaus were observed and subband spacings were measured in a weak perpendicular magnetic field in the same sample ͑T166͒. Figures 3͑b͒-3͑d͒ show the greyscale plots of the transconductance traces dG/dV g for Bϭ0.2 T, 0.35 T, and 0.6 T, respectively. Due to the suppression of backscattering in the presence of a small magnetic field the reappearance of the integer plateaus at high V sd can be clearly observed in Figs. 3͑b͒-3͑d͒ . As the magnetic field is increased the number of subbands in the constriction decreases. The transconductance minima at small electrostatic confinement, V g ϭϪ0.8 V to Ϫ1.8 V, become broader as the magnetic confinement narrows the effective width of the constriction. a perpendicular magnetic field, it is expected that the subband energy spacings in a 1D constriction will increase with B. 16 Therefore at first sight it appears contradictory that a given subband spacing ⌬E n,nϩ1 listed in Table I decreases monotonically as B is increased. There is in fact no contradiction, because a particular subband spacing is probed at a more positive gate voltage ͑and hence a weaker electrostatic confinement͒ when measured in a magnetic field. Therefore the expected increase in the subband spacings in a magnetic field is negated by the weaker electrostatic confinement.
In conclusion we have shown that small structures can be defined in deep high mobility 2DEGs to create very clean 1D constrictions. We have studied 1D transport in zero magnetic field and measured the subband energy spacings of a 1D constriction using source-drain bias measurement. The effect of a small perpendicular magnetic field on the electrostatic confinement is qualitatively studied. In the future we wish to investigate electron-electron effects in these low disorder narrow constrictions in a magnetic field.
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